Formation and Elimination of Anti-site Defects during Crystallization in Perovskite Ba1–xSrxLiF3 by Düvel, A. et al.
Kent Academic Repository
Full text document (pdf)
Copyright & reuse
Content in the Kent Academic Repository is made available for research purposes. Unless otherwise stated all
content is protected by copyright and in the absence of an open licence (eg Creative Commons), permissions 
for further reuse of content should be sought from the publisher, author or other copyright holder. 
Versions of research
The version in the Kent Academic Repository may differ from the final published version. 
Users are advised to check http://kar.kent.ac.uk for the status of the paper. Users should always cite the 
published version of record.
Enquiries
For any further enquiries regarding the licence status of this document, please contact: 
researchsupport@kent.ac.uk
If you believe this document infringes copyright then please contact the KAR admin team with the take-down 
information provided at http://kar.kent.ac.uk/contact.html
Citation for published version
Düvel, A. and Morgan, L. M. and Chandran, C. Vinod and Heitjans, P. and Sayle, Dean C.  (2018)
Formation and Elimination of Anti-site Defects during Crystallization in Perovskite Ba1–xSrxLiF3.
  Crystal Growth & Design, 18  (4).   pp. 2093-2099.  ISSN 1528-7483.
DOI
https://doi.org/10.1021/acs.cgd.7b01552




	Ǧ ?Ǧ	 ? 
A. Düvel1,2,*, L. M. Morgan1, C. Vinod Chandran2, P. Heitjans2, D.C. Sayle1,* 
 
1 School of Physical Sciences, University of Kent, Canterbury, Kent CT2 7NH, UK 
2 Institute of Physical Chemistry and Electrochemistry, Leibniz Universität Hannover, Callinstr. 3-3a, D-30167 Hannover, Germany 
 
Abstract 
The defect density of a material is decisive for its 
physical, chemical and mechanical properties. 
Accordingly, defect tuning is desirable for 
applications spanning, e.g., batteries, fuel cells, 
electronics, optics, catalysis and mechanical strength 
and resilience. Here we simulate the 
mechanochemical synthesis of the perovskite Ba1-
xSrxLiF3 by compressing a BaLiF3 nanoparticle with a 
SrLiF3 nanoparticle under conditions likely to occur 
during high-energy ball milling. We investigate the 
crystallization process and the ionic mobility of the 
system and compare with experiment. Animations of 
the crystallization, simulated under high pressure, 
revealed that cations, within the crystallization front, 
ǁŽƵůĚ ĐŽŵŵŽŶůǇ ĐŽŶĚĞŶƐĞ ŽŶƚŽ  ‘ŝŶĐŽƌƌĞĐƚ ? ůĂƚƚŝĐĞ
sites, in some cases eventually leading to the 
formation of anti-site defects. However, most of 
these cations would then re-amorphise and the 
 ‘ĐŽƌƌĞĐƚ ?ĐĂƚŝŽŶǁŽƵůĚƚĂŬĞ ŝƚƐƉůĂĐĞ  W rectifying the 
defect. Crucially, it is the amorphous/crystalline 
interface that enables such repair because the ions 
are mobile in this region. The simulations reveal high 
ion mobility close to the anti-site defects and other 
defective regions, but no ion mobility in the defect 
free regions of BaLiF3. The MD simulations indicate 
that high-energy ball milling might reduce the anti-
site defect density in a material by exposing these 
defects to the surface or creating amorphous regions 
within the crystallite which then would allow localized 
recrystallization, enabling defect repair. This 
assumption is a possible explanation for the reduced 
ion mobility, revealed by NMR spectroscopy, and, 
thus, most likely smaller defect density in BaLiF3 
prepared by high-energy ball milling compared to 












The properties of a functional material are governed 
by its defect density; the latter derives, apart from 
temperature and size of the system, from the 
synthetic pathway used in its fabrication. Typically, 
high defect densities, and associated high ionic 
mobility, are desirable in ceramics with applications 
for fuel cells or batteries[1,2], albeit defects can 
sometimes reduce the ionic conductivity[3,4). 
Conversely, materials with low defect densities are 
inter alia needed for LEDs[5,6], photovoltaics[7] and 
optical devices[8,9]. Moreover, defect tuning is widely 
used to modulate the catalytic activity of a 
material[10,11]. Defect tuning is therefore pivotal to the 
exploitation of a functional material possessing a 
diverse range of properties and hence applications. 
ĞĨĞĐƚ ĐŽŶƚƌŽů ? ǀŝĂ  ‘ǁŽƌŬ ŚĂƌĚĞŶŝŶŐ ? - analogous to 
ball milling - strengthens a material via plastic 
deformation and recrystallization below its melting 
temperature and has been exploited for millennia. 
However, the implications of defect modulation of 
nanomaterials are less well developed. Such 
knowledge will be critical for the mechanical 
resilience and preservation of properties of the 
functional material during its operational lifespan. [12]. 
An important class of materials, with applications 
including catalyst[13], ion conductor[14-16], 
dielectric[17,18], piezoelectric[19], photovoltaic[7,20], are 
the perovskites, ABX3. In this class, BaLiF3 is a rare 
example of a cation inverted perovskite[21]. It is a 
potential material for vacuum-ultraviolet lasers[22,23] 
and lenses[8] because of its large band-gap. The 
material is also an interesting model system to study 
ion conduction, since it contains two light ions, F- and 
Li+, which are likely to be mobile in the system. 
Although this issue was addressed in theoretical 
studies[24,25], there is a lack of experimental data. 
Previously, we reported a higher ionic conductivity of 
nanocrystalline BaLiF3 prepared by ball milling 
equimolar mixtures of BaF2 and LiF, compared to 
thermally prepared micro or single crystalline 
BaLiF3.[26] Interestingly the higher ionic conductivity 
comes along with a smaller ionic mobility of the 
majority of the ions, as revealed by temperature 
variable 7Li NMR measurements.[27]   
Mechanosynthesis generally offers a fast, easy and 
inexpensive method of fabricating nanocrystalline 
materials[28,29] including metastable ceramics which 
are difficult to prepare using alternative methods[30-
33]. Hence, it was possible to substitute up to 40 % of 
the Ba ions in BaLiF3 by Sr ions using a 
mechanochemical approach, forming metastable Ba1-
xSrxLiF3, which exhibits a very similar ionic 
conductivity as mechanochemically prepared 
BaLiF3[30]. The reaction mechanism was investigated 
by 19F magic angle spinning (MAS) NMR spectroscopy. 
It was found that the replacement of Ba ions by Sr 
ions starts after the formation of BaLiF3[30]. 
In this study, we use Molecular Dynamics (MD) to 
simulate a part of the ball milling process, i.e. the 
impact of a milling ball compressing a BaLiF3 
nanoparticle with a SrLiF3 nanoparticle leading to the 
formation of Ba1-xSrxLiF3. 
Specifically, we simulate the crushing and subsequent 
amorphisation of BaLiF3/SrLiF3 nanoparticles under 
high temperature and pressure[34], the amorphous-
to-crystalline phase change, and finally, the F and Li 
ionic mobility within the  ‘ball milled ? model system. 
We couple our simulations with 19F and 7Li NMR 
measurements on the real materials, synthesized 
using high-energy ball milling and thermal annealing, 




Generating Atomistic Models 
A spherical nanoparticle of BaLiF3 with cation inverted 
perovskite structure was generated, using 
crystallographic data taken from ref [35]. In one half 
of the nanoparticle, the Ba ions were replaced by Sr; 
the number of atoms in the simulation cell was:  
Ba = 4133, Sr = 4127, Li = 8186, F = 24706. We note 
that the stoichiometry was not set exactly to ABX3, 
this was to ensure that the stoichiometry did not bias 
artifically the evolution of a perovskite structure. The 
ŶĂŶŽƉĂƌƚŝĐůĞ ǁĂƐ ƚŚĞŶ  ‘ĐƌƵƐŚĞĚ ? ? ƵƐŝŶŐ D
simulation, performed at high pressure and 
temperature, to mirror an impact of a milling ball 
onto the particle, fig 1. Specifically, MD simulation 
was performed at 5 GPa and 1000 K for 107 ns under 
an NPT ensemble (constant Number of ions, constant 
Pressure and constant Temperature). The simulation 
thus facilitates a BaLiF3 nanoparticle crushed together 
with a SrLiF3 nanoparticle. Under these simulations 
conditions of crushing a BaLiF3 nanoparticle with a 
SrLiF3 nanoparticle, the SrLiF3 nanoparticle first 
armorphised and then crystallized, which required 
about 107 ns. After crystallisation, ionic mobility data 
of F and Li ions in the model system was collected (at 
0 Pa and 600 K).  
This (single) simulation required 250,000 cpu hours; 
the high computational cost was attributed to 
crystallizĂƚŝŽŶ  ‘ĞƌƌŽƌƐ ? ĂŶĚ ƌĞƉĂŝƌ ŵĞĐŚĂŶŝƐŵƐ ?
Viewing the crystallization animations revealed that 
several defects evolved in each atomic layer  W most of 
ǁŚŝĐŚ ǁĞƌĞ ƌĞƉĂŝƌĞĚ ? tĞ ƉƌĞƐƵŵĞ ƚŚĂƚ ƚŚŝƐ  ‘ĚĞĨĞĐƚ
ĞǀŽůƵƚŝŽŶ ĂŶĚ ƌĞƉĂŝƌ ? ƉƌŽĐĞƐƐ ƌĞƐƵůƚĞĚ ŝŶ ƚŚĞ ŚŝŐŚ
computation cost. We surmise that the crystallization 
front only moved forward once most of the defects 
were repaired enabling a lower configurational 
energy. It is likely that the Madelung field is integral 
to crystallization and that any perturbation of this 
field reduces the propensity for other ions to 
spontaneously order at the crystallization front. 
Previous simulations, performed on binary oxides, 
such as CeO2 and TiO2[36,37], typically required an order 
of magnitude less computational time. 
Potential Model 
The Born model of the ionic solid was used to describe 
the Ba1-xSrxLiF3 in which the component ions interact 
via short-range parameterized interactions coupled 
with long-range Coulombic interactions, equation (1).  
 
          
(1) 
The potential parameters, table 1 (SI), were taken 
from ref. [24] using a rigid ion model. The Sr-F 
interaction was derived by potential fitting to the SrF2 
structure and elastic[38] and dielectric[39] properties 
using the GULP code[40]. All the MD simulations were 
performed using the DL_POLY code[41]. 
We note that the potential model was capable of 
generating a perovskite-structured Ba1-xSrxLiF3 
nanomaterial together with defects typically found in 
the real material such as anti-site defects and stacking 
faults. Moreover, such crystal and micro structures 
evolved from an amorphous precursor, where 
interatomic distances were far from equilibrium 
values. This proffers confidence in that the potential 
model is both robust and accurate. 
Experimental 
Synthesis 
Ba1-xSrxLiF3 was prepared by milling mixtures of LiF 
(99.99%, Alfa Aesar), BaF2 (99.99%, Sigma Aldrich) 
and SrF2 (99.99%, Alfa Aesar) in a planetary ball mill 
(Pulverisette 7 premium line, Fritsch, Germany) with 
an overall mass of 2.000(1) g employing a milling 
beaker (45 mL) filled with 140 milling balls with a 
diameter of 5 mm made of stabilized ZrO2 (Fritsch, 
Germany). The total milling times were altered for the 
different compositions. If not stated otherwise, for 
the pure BaLiF3, an equimolar mixture of BaF2 and LiF 
was milled for 6 h. The Ba1-xSrxLiF3 samples were 
milled for 20 h. The microcrystalline BaLiF3 is identical 
to the one reported in refs. [26,27] prepared by 
annealing mechanosynthesised BaLiF3, which was 
since then stored under vacuum in a glass ampoule 
and stayed phase pure this way.  
The BaLiF3 single crystal is identical to the one 
reported in ref. [26] and was prepared by the 
procedure described there: At first, the starting 
materials, BaF2  ?ĐƌǇƐƚĂů ƉŝĞĐĞƐ ? ĂŶĚ >ŝ&  ?'&/ ?  ‘ŽƉƚŝĐĂů
ŐƌĂĚĞ ? ? ǁĞƌĞ ƉƵƌŝĨŝĞĚ ďǇ Ă ƉƌĞ-treatment, i.e. the 
materials were treated with hydrofluoric acid at 
elevated temperatures. Subsequently, they were 
mixed in the required ratio and subjected to a zone 
melting procedure under HF. Since BaLiF3 melts 
incongruently at about 1100 K, the composition of the 
starting materials has to deviate from the 
composition of the crystal. The chosen composition 
was Ba0.86Li1.14F2.86. The crystal was grown in a 
platinum crucible by conventional Czochralski 
technique with radio frequency (RF)-heating and 
automatic diameter control. In order to suppress 
oxidation of the melt, the crystal was grown in an 
atmosphere consisting of Ar and CF4. The growth rate 
was 2 mm/h and the rotation varied from 10 to 25 
min-1. The obtained colorless crystal was 70 mm in 
length and 18 mm in diameter. XRPD confirmed phase 
purity[26]. 
Measurements 
The 7Li and 19F NMR measurements were conducted 
with two different NMR spectrometers. The high 
temperature decoupling experiments were done with 
a laser heated MAS probe (Bruker Biospin) at an 
Avance III spectrometer (Bruker Biospin) operating at 
ʆ0(19F) = 564.7 MHz and ʆ0(7Li) = 233.3 MHz. The 
spinning rate of the rotor was set to 3 kHz. Freshly 
evaporated nitrogen gas was used as bearing gas. For 
the 19&EDZŵĞĂƐƵƌĞŵĞŶƚƐĂʋ ? ?ƉƵůƐĞǁŝƚŚĚƵƌĂƚŝŽŶ
ŽĨ ? ? ?ʅƐ ?ĨŽƌƚŚĞ7>ŝEDZŵĞĂƐƵƌĞŵĞŶƚƐĂʋ ? ?ƉƵůƐĞ
ǁŝƚŚ ĚƵƌĂƚŝŽŶ ŽĨ  ? ? ? ʅƐ ǁas used. Four scans were 
accumulated for each spectrum with a waiting time of 
6 x the spin lattice relaxation time, T1, between the 
scans to record fully relaxed spectra. The decoupling 
experiments were done with a robust decoupling 
program with frequency sweep[42]. 
E(rij ) =
QiQj
4 p e orijij
¦ +
ij







The static 19F and 7Li NMR experiments were done 
with an MSL 400 spectrometer (Bruker Biospin) 
connected to an Oxford cryomagnet with a nominal 
field of 9.4 T corresponding to ʆ0(19F) = 376.5 MHz and 
ʆ0(7Li) = 155.4 MHz. The 19F NMR measurements were 
performed with a modified 7 mm MAS probe 
(Bruker), the 7Li NMR measurements with a 
commercial high-temperature probe (Bruker 
Biospin). For all measurements the saturation 
recovery sequence[43] was used, followed by an 
adjustable waiting time (set to 6 x T1 to record fully 
ƌĞůĂǆĞĚƐƉĞĐƚƌĂ ?ĂŶĚĂƐŝŶŐůĞʋ ? ?ƉƵůƐĞǁŝƚŚĚƵƌĂƚŝŽŶ
ŽĨ  ? ? ? ʅƐ  ?19& ? ĂŶĚ  ? ? ? ʅƐ  ?7Li), respectively. 
Measurements were done at samples sealed in glass 
ampoules. The samples were dried in vacuum at ca. 




Crystallization ^ŝŵƵůĂƚĞĚ  ‘ball milling ? ŽĨ ƚŚĞ
BaLiF3/SrLiF3 nanosystem results in the 
amorphisation of the SrLiF3, which thus can be 
understood as a reaction of the BaLiF3 nanoparticle 
with an amorphous mixture of SrF2 and LiF similar to 
experimental observations[30], and leaching of Ba ions 
into the amorphous material, fig 1(a,b). The (Sr-rich) 
Ba1-xSrxLiF3 then starts to crystallize  W templated by 
BaLiF3, which acts as a nucleating seed, figs. 1 (c, d). 
Fig. 1: MD Simulation of mechanosynthesis of Ba1-xSrxLiF3. 
(a) Spherical nanoparticles of BaLiF3 and SrLiF3, simulated 
using MD under 5 GPa compression at 1000 K. (b) 
Amorphisation of the SrLiF3 nanoparticle and leaching of the 
Ba ions into the amorphous region.  (c,d) Snapshots of a 
segment of the model showing the crystallization of the 
system after (c) 27 ns and (d) 78 ns. (e) final, low 
temperature, structure of a segment of the model showing 
the perovskite crystal structure. Ba ions are colored blue, Sr 
ions are white, Li ions are yellow and F ions, red. 
 
During crystallization, Li and Ba/Sr ions, in the 
amorphous region, condense onto the crystalline 
region and compete for the two (perovskite) cation 
sites. Animations of the simulated crystallization (cf. 
SI) ƌĞǀĞĂůƚŚĂƚĐĂƚŝŽŶƐŽĨƚĞŶĐŽŶĚĞŶƐĞŽŶƚŽ ‘ŝŶĐŽƌƌĞĐƚ ?
lattice sites  W such as Li on A sites and Ba/Sr on B sites 
leading to anti-site defects. However, most of these 
cations re-amorphise and are then replaced by the 
 ‘ĐŽƌƌĞĐƚ ? ĐĂƚŝŽŶ  W fed from the amorphous region -, 
repairing the anti-site defect, see fig. 2.  
 Fig. 2: Repair of substitutional defects. (a) Model 
nanoparticle crushed under simulated ball milling resulting 
in amorphisation of the SrLiF3, (b). (c) Section cut through 
the model system during crystallization showing a Li ion, 
colored yellow, that has crystallized (erroneously) onto the 
A-site of the perovskite structure. (d) as (c) but after further 
MD simulation, which results in the Li moving off the A-site 
(dissolution) and is subsequently replaced by an Sr ion 
repairing the defect. Li is colored yellow, Sr is white and Ba 
is red (F ions are not shown). 
 
 
Crucially, an exchange of cations can only take place 
if the defect is in direct contact with the amorphous 
phase because it enables ion mobility. Conversely, if 
the crystallization front moves forward before the 
incorrect ions are replaced, the cations become 
trapped, resulting in the formation of anti-site 




Fig. 3: A part of the crystallized system characterized by 
anti-site defects and Ba/Sr intermixing causing lattice 
distortion. 
  
In our simulations we found the Li ions residing at A 
sites off center, resulting in a coordination number of 
4 or 5 (seemingly depending on the number of Li ions 
on the site) instead of 12, see fig. S2. 
It should be mentioned that the formation of Ba-Li 
anti-site defects has previously been postulated by 
several authors.[25,44-45] We therefore provide 
evidence that their postulate was correct and, 
moreover, predict a repair mechanism. 
It should be noted that SrLiF3, in agreement with DFT 
calculations[46]  predicting SrLiF3 to be unstable,  has 
not yet been prepared experimentally. Following the 
simulation results, a synthesis at elevated pressure 
should be tried, because reducing the pressure 
towards zero in the simulation leads to a phase 
transformation of SrLiF3 to SrF2 and LiF, which will be 
discussed in detail in an upcoming paper. 
Ionic mobility  Analysis, using molecular graphical 
techniques (see supporting information for more 
information), reveals high F and Li ion mobility in 
defective regions of the Ba1-xSrxLiF3 system. These 
include anti-site defects, Sr/Ba intermixing and edge 
dislocations/stacking faults, fig 4 and SI figs S1-S2 and 
S6. It should be mentioned, that Zahn et al.[25] created 
Ba-Li anti-site defects intentionally in their 
simulations to get smaller activation energies for 





Fig. 4: F and Li ion mobility in defective regions of Ba1-xSrxLiF3 
(a) segment of the model structure showing (top) 
substitutional defects: Li located on perovskite A-sites and 
Ba located on B-sites; (bottom) intermixing of Ba and Sr ions 
on A-sites. (b) superimposed snapshots in time of the MD 
simulation showing the mobility of the F ions around the 
defects. We note that domains of perfect BaLiF3 show no F 
or Li ion transport. 
 
The increased ion mobility in the areas showing Sr/Ba 
intermixing, which can be ascribed to geometric 
frustration[47], is in agreement with experiment (fig. 
5), reinforcing the validity of the simulations. 
Conversely, domains of pristine (defect-free) BaLiF3 
showed no ionic mobility within the timescale of the 
MD simulation, figs 4 and S5. 
 
Experiment  
In fig. 5, in the two left columns, static 19F NMR 
spectra of nanocrystalline (mechanosynthesized) and 
microcrystalline (annealed) BaLiF3 recorded at 
different temperatures are shown. The static 19F NMR 
spectrum consists of three NMR lines, which was also 
observed for RbCaF3[48] and RbPbF3[49] and is probably 
caused by chemical shift anisotropy (the 19F MAS 
NMR spectrum, recorded with ʆrot = 60 kHz, displays a 
single NMR line at 66 ppm for all BaLiF3 samples 
prepared[26]). The spectra exhibit only subtle changes 
with temperature. The ones of the 
mechanosynthesized sample show a growing bulge of 
the main NMR line, while the NMR spectra of the 
microcrystalline sample reveal an incipient 
coalescence of the most intense and the NMR line 
located at around 45 kHz, both indicating the 
beginning of fast motion of ions (see figs. S7a-d for 19F 
and 7Li NMR spectra of the two BaLiF3 samples at 
higher temperature). On the right side of fig. 5, the 
static 19F and 7Li NMR spectra of Ba0.74Sr0.26LiF3 are 
shown (see fig. S8 for the respective 7Li NMR spectra 
of BaLiF3). The 19F NMR spectra show the emergence 
of a narrow NMR line at temperatures above 373 K 
indicating fast ion motion of the fluoride ions. Also 
the 7Li NMR spectra show a pronounced motional 
narrowing which was not observed for the 
mechanosynthesized, pure BaLiF3, see fig. S8. Hence, 
the replacement of a part of the Ba ions by Sr ions 





Fig. 5: Left two columns: comparison of 19F NMR spectra 
recorded at the temperatures indicated of 
mechanosynthesised (3 h 600 rpm, ZrO2 milling vial set) and 
the annealed BaLiF3 (24 h 870 K). Right two columns: 19F and 
7Li NMR spectra of mechanosythesised Ba0.74Sr0.26LiF3 
ƌĞĐŽƌĚĞĚ Ăƚ ƚŚĞ ƚĞŵƉĞƌĂƚƵƌĞƐ ŝŶĚŝĐĂƚĞĚ ?  ?ʆ0(19F) = 376.5 
D,ǌ ? ʆ0(7Li) = 155.4 MHz). For comparison the 7Li NMR 
spectra recorded at 630 K and 290 K (red dashed line) as well 
as the 19F NMR spectra recorded at 473 K and 373 K are 
superimposed. 
 
Since the motional narrowing of the 7Li NMR spectra 
can be caused by both, the fast motion of the Li ions 
as well as the fast motion of the F ions coordinating 
the Li ions due to nuclear dipole coupling, a 
decoupling of 7Li and 19F was done which suppresses 
the interaction between these two nuclei. This way a 
motional narrowing of the 7Li NMR line can only be 
caused by a motional averaging of the Li-Li (and Li-Ba) 
interactions, and a motional narrowing of the 19F 
NMR line is solely caused by a motional averaging the 
F-F (and F-Ba) interactions. However, it should be 
noted, that the F-F interaction is much stronger than 
the F-Li interaction, such that a pronounced motional 
narrowing of a 19F NMR line would clearly be caused 
by F motion. In fig. 6 the 7Li and 19F NMR spectra, with 
the respective other nucleus decoupled, are shown 
for the microcrystalline and nanocrystalline BaLiF3, 
prepared by high-energy ball milling. In agreement 
with ref. [27] the microcrystalline sample shows a 
pronounced motional narrowing of the 7Li NMR line 
while the mechanosynthesized sample is 
characterized by only a slight motional narrowing. 
The 19F NMR spectrum of the microcrystalline sample 
shows the emergence of a narrow line resulting from 
the coalescence of the NMR lines located around 30 
kHz and 100 kHz, starting at ca. 610 K (see figs. S7a-d 
for other temperatures), while the nanocrystalline 
BaLiF3 only shows the beginning of such a process at 
740 K.  
As displayed in fig. 6, both, the 7Li NMR spectra and 
the 19F NMR spectra show motional narrowing and 
coalescence, respectively, indicating that both ion 
species are mobile in both BaLiF3 samples, which is in 
agreement with simulation. In case of the 
microcrystalline sample almost all Li ions appear to be 
mobile above 700 K, while only a fraction of the F ions 
are highly mobile. This seems to be in disagreement 
with the simulations. However, it should be noted, 
that for Li, much smaller jump rates (ca. 4 kHz) are 
sufficient for motional narrowing because of the 
narrow rigid lattice line widths. Conversely, F ion 
jump rates need to be about ten times larger than Li 
ion jump rates to cause motional narrowing. 
Computationally, the ion mobility was captured over 
a time span of 1 ns at 1000 K (because of 
computational cost). This translates to jump rates 
larger than 1 GHz. Accordingly, slow jumps of the Li 
ions would not be visible in the window of time 
accessible to the MD simulation. Albeit we do observe 




Fig 6: Left two columns: On the left 7Li MAS NMR spectra 
with 19F decoupled, on the right 19F MAS NMR spectra with 
7Li decoupled for microcrystalline BaLiF3  ?ʆ0(19F) = 565 MHz, 
ʆ0(7Li) = 233 MHz). Right two columns: the same kind of 
spectra is shown for mechanosynthesized BaLiF3. The 
spinning rate was set to 3 kHz. Asterisks denote spinning 
sidebands. In case of the 7Li NMR spectra the narrow NMR 
line at the highest temperature measured is compared with 




The simulation of compressing a BaLiF3 with a SrLiF3 
particle resulted in the formation of Ba1-xSrxLiF3 in 
agreement with experiment. The formation of very 
Sr-rich Ba1-xSrxLiF3 or even pure SrLiF3, however, was 
not observed experimentally which indicates that 
these species might only be stable at high pressure. 
After the impact event, which might in fact lead to the 
formation of SrLiF3, this compound would decompose 
again and later on react with residual BaLiF3 until the 
reaction, forming Ba1-xSrxLiF3, is completed.  
The simulation of the crystallization revealed the 
erroneous crystallization of Li ions at Ba/Sr sites and 
Ba/Sr at Li sites to be common. Although most of 
these defects are repaired since they seemingly 
impede further crystallization (ƐĞĞ  ‘DĞƚŚŽĚƐ ?
section), a few wrongly placed cations remained in 
the crystallized system, creating Ba/Sr-Li anti-site 
defects. Interestingly, these defects cannot be 
eliminated within the crystal, which means that their 
number should be independent of the temperature of 
the crystallized system, but depend on the synthesis 
parameters. Hence, the anti-site defect density of 
BaLiF3 might differ for different synthesis 
temperatures, -pressures etc. 
The simulations revealed no ion motion in perfectly 
crystalline BaLiF3, but only in defective BaLiF3, notably 
close to Ba-Li anti-site defects as already proposed by 
Zahn et al.[25]. Furthermore, the replacement of a part 
of the Ba ions by Sr ions increased the ion mobility 
considerable, as shown by simulation and 
experiment, which is most likely caused by geometric 
frustration lowering the activation energies for ion 
migration.  
Interestingly, the highest ion mobility was 
experimentally observed for the microcrystalline and 
single crystalline BaLiF3 (figs. 6 and S8) which, 
however, showed a smaller ionic conductivity than 
the BaLiF3 prepared by high-energy ball milling[26] (fig. 
S10). Also the ionic conductivity of the Ba1-xSrxLiF3 is 
not considerable increased compared to the one of 
the mechanosynthesized BaLiF3[30] (fig. S10), despite 
its higher ionic mobility. Hence, it seems plausible to 
assume that the ion conductivity of nanocrystalline, 
mechanosynthesized BaLiF3 and Ba1-xSrxLiF3 is 
governed by fast ion motion in the grain boundaries 
as was already assumed[26,27] and is in agreement with 
simulation (fig. S5). 
However, the origin of the different ion mobilities in 
the different BaLiF3 samples remains unclear. It 
should be noted that all BaLiF3 samples investigated 
are phase pure and exhibit very similar lattice 
parameters[26,27]. The simulations indicate a higher 
defect density in the micro- and single crystalline 
material than in the mechanosynthesized BaLiF3 since 
only the defective regions show ion mobility. This 
might be caused by a contamination introduced 
during the heat treatment. In fact, the BaLiF3 single 
crystal shows an extrinsic part of ion conductivity 
indicating a contamination of the crystal[26] (fig. S10), 
despite the very careful synthesis procedure. The 
annealed microcrystalline sample, however, does not 
show any extrinsic conductivity in the temperature 
range measured[26], see fig. S10. Interestingly, the 
annealed BaLiF3 shows a motional narrowing at lower 
temperature than the single crystal (fig. S8). Since the 
ionic conductivity of the single crystal is higher in this 
temperature regime, this indicates a larger number of 
mobile ions in single crystalline BaLiF3 than in the 
annealed sample, supporting the assumption of some 
sort of contamination of the single crystal. 
 
Another possible explanation could be a reduced anti-
site defect density in mechanosynthesized BaLiF3, 
since this kind of defect fosters ion mobility. In this 
regard it should be noted that vacancies seem to have 
no pronounced impact on ion mobility, indicating 
high activation energies for ion migration and, thus, 
also point defect formation. While a reduction of the 
number of mobile vacancies formed during 
crystallization would not be surprising in a 
nanocrystal, since they should soon end up at the 
surface of the crystallite, eliminating the vacancy, 
such mechanism would not work in case of anti-site 
defects. We therefore explore whether our 
simulations can disclose how ball milling could reduce 
the anti-site defect density. 
 
Our simulations reveal defect repair mechanisms: 
ions condensing onto  ‘incorrect ? lattice sites can 
subsequently move off the site to be replaced by the 
correct ion. However, this can only occur at a 
crystalline/amorphous interface and not deep within 
the crystal; the ball milling process could therefore 
facilitate the exposure of anti-site defects, deep 
within the crystal, to the surface. We now 
hypothesize as to how ball milling might facilitate this. 
  
During milling, crystallites are repeatedly impacted 
and welded by the milling balls. We postulate that the 
repeated high-energy impacts, associated with ball 
milling, provides sufficient stress to initiate lattice slip 
- exposing defects, from  ‘ĚĞĞƉ ?ǁŝƚŚŝŶƚŚĞĐƌǇƐƚĂů, to 
a surface. Moreover, the impacts and the mechanical 
stress, induced by milling balls rolling over the 
crystallites, are also likely to cause localized abrasion 
and amorphisation of the crystallite surfaces[50] and 
regions near the surface allowing a localized 
recrystallization. Repair is now possible because anti-
site defects can move off their (incorrect) lattice sites 
and be replaced by the correct ion from within the 
amorphous region. We also propose that lattice slip 
along grain boundaries (GB), induced by the 
mechanical stress associated with ball milling, might 
enable repair ŽĨƚŚĞ' ?Ɛ[49]. In particular, previously 
we predicted that uniaxial stress acting, upon a 
nanomaterial, can induce Ostwald ripening via a 
purging of the grain-boundaries to facilitate single 
nanocrystals from polycrystalline precursors[50]. 
Specifically, under high levels of stress - of the order 
of GPa - the material deformed plastically along the 
grain-boundary planes. We propose that ball milling 
can facilitate such high uniaxial stress and induce 
plastic deformation upon the sample to purge grain-
boundaries from the material. We note that ball 
milling has been shown to induce pressures in the 
GPa-range[34]. The pressures occuring during ball 
milling employing the ball mill and milling conditions 
used in this study have been calculated to be around 
0.4 GPa[51]. Moreover, the stresses associated with 
impacts between the balls and the sample are likely 
to be even higher. 
We propose that the milling process might provide 
many localized anti-site defect repair attempts. Since 
point defects increase the brittleness of a material, it 
seems likely that defect rich regions are preferentially 
brought back to the surface. 
 
We note that Prochowicz et al.[20] reported low defect 
levels in mechanochemically prepared perovskite-
type CH3NH3PbI3. Thus, a similar mechanism might 
have played a role in their synthesis.  
 
Conclusions  
We have simulated the crystallization of Ba1-xSrxLiF3 
under conditions that mirror an impact event during 
mechanosynthesis using a high-energy ball mill. The 
simulations revealed that during crystallization, Ba-Li 
anti-site defects are formed, increasing the ionic 
mobility in their vicinity. Also the replacement of (a 
part of the) Ba ions by Sr ions increases the ion 
mobility considerably as shown by simulation and 
experiment. Both, experiment and simulation also 
revealed both ion species, F and Li, to be mobile in 
BaLiF3. The lower ionic mobility in 
mechanosynthesized BaLiF3 compared to thermally 
prepared BaLiF3 was attributed to a lower defect 
density. This might be caused by contamination 
during the thermal treatments, or it could be 
facilitated by the mechanosynthesis technique, which 
repeatedly exposes anti-site defects to surfaces 
where they can be eliminated. If this assumption 
turns out to be correct, which remains to be tested in 
future work, it seems likely, that this process also 
occurs in other layered systems in which multiple ion 
species compete for sites during crystallization.  
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MD Simulation of the crystallization of Ba1-xSrxLiF3 
showed the formation of Ba-Li anti-site defects, which 
increase the mobility of F and Li ions in their vicinity. 
Synthesis of BaLiF3 by ball milling seems to decrease 
the density of this defect-type compared to thermally 
prepared BaLiF3 presumably by exposing the defects 
to the crystallite surface where they can be repaired. 
